A luciferase-based reporter system for the expression of the toxic shock syndrome toxin-1 gene (tst) of Staphylococcus aureus FRI 1187 was used in continuous culture to determine whether high cell density on transient shift-down or shift-up of specific growth rate (W) induced expression of tst. Little expression occurred at steady state at a low dilution rate (D) and in a transient period of increasing W. However, a rapid and approximately 130-fold increase in expression occurred during a transient shiftdown of W. These findings suggest reduction of W is a key element in the control of tst expression. z
Introduction
Staphylococcus aureus is a formidable pathogen, able to cause a wide variety of human and animal infections. This ability has been attributed to the plethora of both cellular and extracellular proteins associated with virulence. The exact role and indeed importance of many of these factors in infection remain unknown. However, the role of toxic shock syndrome toxin-1 (TSST-1) is proven. The staphylococcal enterotoxins and TSST-1 are superantigens, capable of enormous uncontrolled stimulation of the immune system. Toxic shock syndrome (TSS), is an acute multisystem disorder and in young menstruating females was associated with their use of a speci¢c brand of high absorbency tampons [1, 2] . TSST-1 is produced by 90^95% of menstrual and 50% of non-menstrual TSS isolates of S. aureus [3^5] .
In recent years, the control of virulence gene expression by S. aureus has been an area of intense research, with the description of several regulatory loci. The best described of these loci, the accessory gene regulator locus (agr), encodes a putative twocomponent signal transduction system, together with a density-dependent regulatory element detecting an octapeptide [6^9]. It is thought that this system is the major element in control of the temporal expression of proteins associated with virulence. Along with many other virulence factors, TSST-1 is reportedly only produced in a speci¢c time of batch culture, the late exponential to early stationary phase [3] . Late exponential phase and early stationary phases of batch culture have high cell densities and the cells are also experiencing a decrease in speci¢c growth rate. Therefore, in the batch culture model it is not possible to determine whether shift-down or high cell density is the important factor involved in toxin gene expression.
Various reporter genes have been used in the study of virulence gene expression by S. aureus such as Llactamase and the bacterial luciferase system [9^11]. The purpose of this study was to determine the e¡ect of transient changes in speci¢c growth rate operated at high cell densities in continuous culture. This approach would interrogate the role of the density-dependent regulation of virulence in S. aureus on tst expression of S. aureus in real time using a lux-based reporter system.
Materials and methods
2.1. Bacterial strains, plasmids and bacteriophage S. aureus FRI 1187, provided by Prof. M.S. Bergdoll was used throughout this study. The lux reporter plasmid pSB330 was kindly donated by Prof. G.S.A.B. Stewart. Strains were stored lyophilised on paper strips at 4³C, and a fresh strip was used to initiate each experiment.
Construction of the tst: :lux reporter in S. aureus
The S. aureus pBT001 was constructed and tested as detailed by Timmins et al. [12] . The plasmid carried a 400-bp promoter of tst upstream of lux AB. A genomic library of S. aureus FRI 1187 was constructed in bacteriophage lambda EMBL3 (Stratagene). The library was screened by plaque hybridisation using a digoxygenin-labelled (Boehringer Mannheim) probe to the 960-bp BamHI fragment encompassing part of the tst gene and upstream region [13] . The tst gene was recovered and subcloned on a 4.7-kb ClaI fragment into pIC20R. The upstream promoter region of the tst gene was sequenced and PCR ampli¢ed to yield a 396-bp promoter fragment £anked by EcoRI recognition sequences. The promoter fragment was resequenced to ensure no errors had been incorporated and then inserted into the EcoRI site of pSB330 [14] to yield pBT001, the orientation of the promoter was checked by restriction enzyme analysis.
Assay protocols
Lux activity was measured using an LKB 1250 luminometer. Twenty-¢ve microlitres of n-decylaldehyde (1% v/v in ethanol) was added to 1 ml of culture in a cuvette, vortexed for 1 s, transferred to the luminometer, and the light output monitored over 20 s. Results were calculated as relative light units (RLU) using the formula:
Culture conditions
Continuous culture was performed using a 1-l vessel with a working volume of 710 ml. Dissolved oxygen was controlled by gas £ow, pH maintained at 6.5 þ 0.1, foaming controlled by the automatic addition of propylene glycol 1025, and at a temperature of 37³C [15] . The medium was 1% (w/v) tryptone, 0.5% (w/v) yeast extract (Oxoid L42 and L21) and 10 Wg ml 3I chloramphenicol sterilised by ¢ltration. The chemostat was operated for 5 days at a dilution rate (D) of 0.096 h 3I before switching to 0.47 h 3I for 2 h and then back to 0.096 h 3I . Samples were routinely subcultured onto fresh horse blood agar to monitor the emergence of exoprotein-de¢cient mutants.
Speci¢c growth rate
The W in continuous culture was determined from:
where x I and x P are the OD THH at t I and t P , respectively.
Results and discussion

E¡ect of growth rate perturbation
After steady-state conditions were achieved at D 0.096 h 3I , D was increased to 0.47 h 3I (Fig. 1) . Predictably, the speci¢c growth rate (W) increased with the increase in D, reaching 0.26 h 3I within 50 min from the time of the increase in £ow rate, and was perceptibly gradually increasing to the D of 0.47 h 3I . During this time, there was a small decrease in OD of the culture due to wash-out, whilst the cells were responding to the new conditions of a higher D. Two hours post D increase, the D was reduced to 0.096 h 3I . During the period of steady state and increased D, and hence W, tst expression was extremely low, remaining between 0.04 and 0.07 RLU. The tst expression was very di¡erent, however, after D was decreased and hence the speci¢c growth rate was reduced. After 2 h from the decrease in D, steady-state conditions were again approached, with the cell density at 88% of that when the culture was previously fed at D 0.096 h 3I . During this reduction in speci¢c growth rate, there was a very large and prolonged burst of tst expression, which was maximal at about 1 h into the approach of steady state cell conditions. Throughout the 6 h of transient change, the cell culture density remained between OD THH 9.78 and 6.84, cell densities exceeding that required for tst expression in batch culture, OD THH 3.2.
In initial characterisation of the reporter system, it was important to prove that the system responded accurately. A previous study found that the use of luxAB reporter genes can activate or repress transcription from certain promoters [16] . No light was detectable from the strain harbouring the plasmid without the tst promoter or the plasmid with the tst promoter inverted to luxAB in S. aureus or in Escherichia coli. These ¢ndings show the parent promoterless plasmid has no innate activity in S. aureus, and similarly a`random' S. aureus DNA sequence does not result in expression of the reporter gene. These results indicated that the constructed plasmid pBT001 was indeed a sensitive reporter of tst expression within this strain. Furthermore, expression of tst, as reported by lux AB, occurred in the post-exponential phase of growth of S. aureus. The presence of the plasmid did not, to any major degree, a¡ect the general physiology of S. aureus FRI 1187. Preliminary experiments in batch culture with three replicates had shown that the present or absence of Fig. 1 . The e¡ect of transient changes in speci¢c growth rate upon expression of luciferase by S. aureus FRI 1187 using continuous culture apparatus and complex medium. Changes in dilution rate (D) are marked by arrows on ¢gure. E, Growth; a, luciferase. pBT001 in S. aureus FRI 1187 had no e¡ect on maximum speci¢c growth rate, range 0.91^0.90 h 3I , and biomass yield, 7.9 OD THH . No e¡ect on tst expression upon transient increase in growth rate was apparent. Expression of tst only increased upon a shift-down in growth rate, with maximal expression evident towards the return of steady-state conditions. The culture returned to steady-state conditions with respect to cell density at 88% of the original steady-state conditions. This decrease in biomass, may be explained by the low expression of extracellular toxins and enzymes during the original steady state, and the higher production of such extracellular products at the second steady state, as shown by the activity of the reporter system. The demand to produce extracellular protein would, therefore, decrease production of biomass. After the 2-h period of increased D, assuming no more octapeptide, encoded by agrBD, was produced, using a wash-out calculation, the culture would still contain approximately 40% of the initial concentration of octapeptide and, therefore, it is safe to assume the level of autoinducing octapeptide was maintained above threshold activation levels, and hence the agr locus would have remained active. After the reduction in D at 125 min to 0.096 h 3I , and hence W, tst expression had increased from a mean of 0.035 RLU (0^125 min) to 0.066 RLU at 140 min, with no change in biomass, and at 155 min the RLU had increased further to 0.159 with an increase in biomass of only 4%. The maximum expression of 1.35 RLU was achieved at 350 min. These results demonstrate a mechanism for the control of tst expression dependent upon shift-down in speci¢c growth rate and independent of cell density. It will be important to undertake experiments in continuous culture, in which di¡erent speci¢c growth rates are operated at the same, or very similar, cell densities. At present, an S. aureus strain is being constructed which has dual gene reporters, one for tst and the other for agr which will enable the expression of these genes to be observed at di¡erent cell densities in continuous culture. This ¢nding supports a previous report which showed that an active agr system is not, in itself, su¤cient to turn on post-exponential phase exoprotein production [17] . It should be noted that tst expression does not remain high inde¢nitely; as steady-state conditions are approached, tst expression is seen to decrease. At the low D steady state at the start of the experiment, the tst expression was very low. Hence it may be that speci¢c growth rate, per se, may not control tst expression, rather it is the shift-down in growth rate. This hypothesis would also explain the transient nature of tst expression. These ¢ndings suggest reduction in speci¢c growth rate is a key element in the control of tst and presumably other exoprotein expression.
Concluding remarks
These experiments, showed that shift-down in S. aureus growth, possibly independent of limiting nutrient, may be a major factor in signalling tst expression. Batch culture, by its very nature, links decrease in speci¢c growth rate, i.e. shift-down, with high cell densities and, consequently, the closed culture model is not appropriate to con¢rm whether cell density or shift-down or both is/are key to agr-dependent virulence gene expression. Future work should use continuous culture of S. aureus, varying culture density at a de¢ned speci¢c growth rate and also varying speci¢c growth rate at a de¢ned culture density.
